The emergence and rapid global spread of rabbit hemorrhagic disease virus (RHDV) remains enigmatic despite two decades of study, largely due to the difficulties associated with modelling substitution processes of the RNA genome for phylogenetic inference. We used maximumlikelihood and Bayesian methods to investigate rates of molecular evolution in the capsid gene, finding evidence of positive selection and of variable substitution rates between nucleotide sites and between lineages. The maximum-likelihood and Bayesian analyses produced fully congruent topologies; however, strong support for older nodes of the phylogeny was only obtained from the Bayesian analyses that utilized the additional information of collection dates for RHDV isolates spanning 22 years. These dates also allowed calibration of the RHDV phylogenetic tree in a calendar year timescale and estimation of dates for the most recent common ancestors of virulent and benign strains. These dates suggested the divergence of RHDV approximately 20 years prior to the first report of haemorrhagic disease in rabbits.
INTRODUCTION
Rabbit hemorrhagic disease virus (RHDV) is a singlestranded, positive-sense RNA virus classified in the family Caliciviridae (Ohlinger et al., 1990) and the genus Lagovirus. The genus consists of two species known to infect lagomorphs: RHDV, which infects the European rabbit Oryctolagus cuniculus, and European brown hare syndrome virus (EBHSV), which infects the European hare Lepus europaeus (Wirblich et al., 1994) . A non-pathogenic and genetically distinct form of RHDV, rabbit calicivirus (RCV) is known from a single capsid gene sequence obtained from a domestic rabbit (Capucci et al., 1996) . Mortality due to RHDV was described in domestic rabbits in China in 1984 following the importation of rabbits from Germany, and the disease rapidly spread worldwide (Cooke, 2002) . In 1996, a non-pathogenic strain of RCV was reported from a commercial rabbitry in Italy (Capucci et al., 1996) . The RNA sequence of the capsid gene of RCV exhibited 90 % RNA sequence identity with the RHDV viruses involved in outbreaks of haemorrhagic disease, suggesting that the strains evolved from a common ancestor in Europe. The amplification of RHDV sequences from sera collected from domestic rabbits prior to 1984 further suggested that the virus was circulating in Europe in the absence of obvious disease (Moss et al., 2002) .
Inference of the pattern and estimates of the timing of the divergence of RHDV strains, and of RHDV from the nonpathogenic RCV, provides insight into the sudden and dramatic appearance of disease due to RHDV. Full-length RHDV capsid protein gene sequences provide a sufficient number of sequences and information per sequence to allow robust phylogenetic inference. However, phylogenetic inference among RHDV sequences is complicated by three properties of RNA virus evolution. Firstly, RNA virus genomes are compact, consisting of genes coding for proteins that interact to perform multiple functions, and are expected to be influenced by pleiotropy and epistasis (Holmes & Rambaut, 2004) . Selection may act to decrease or increase the rate of divergence resulting in considerable variation in nucleotide substitution rates between nucleotide sites and between branches of the phylogeny at a particular site. Secondly, the substitution rate may vary substantially among lineages due to both selection and stochastic factors, rendering the assumption of a constant evolutionary rate inappropriate (Holmes, 2003) . Finally, RNA virus sequences may evolve measurably over time. The time interval over which a set of sequences has been sampled may represent a significant portion of the evolutionary history of the lineages represented by the sequences, and this temporal structure may bias phylogenetic inference (Drummond et al., 2003) .
The calicivirus capsid protein gene is an attractive choice for RT-PCR amplification and sequencing as it is transcribed as a subgenomic RNA at high copy number during replication. The calicivirus capsid protein forms the outer shells of the virus, assembled from 90 capsid protein dimers. The N-terminal region of the capsid protein encodes the shell (S) domain (codons 1-227) that forms the inner shell of the capsid, while the C-terminal region (codons 228-579) encodes the protruding (P) domain that forms the outer shell. The P domain is further divided into the P1 and P2 subdomains, with P2 (codons 287-449) inserted into P1. The P2 subdomain forms an external loop and is believed to contain determinants of cell specificity and antigenicity. These domains have varying functions, including assembly of the capsid, as well as interaction with host proteins to mediate host cell receptor binding and antigenic diversity, conferring host specificity and antigenicity (Chen et al., 2004 (Chen et al., , 2006 . Thus, we expect that selection, both positive and negative, may have influenced the divergence of the RHDV capsid gene, introducing rate variation between lineages in the tree and between codon sites in the sequence.
Accurate estimation of phylogenetic tree topology and statistical support values from protein coding sequences requires the use of evolutionary models that accommodate variation in evolutionary rates between nucleotide sites in the sequence and between lineages. Shapiro et al. (2005) compared the ability of different nucleotide substitution models to reflect the evolutionary processes in 177 RNA virus coding sequences in a maximum-likelihood (ML) framework. These comparisons demonstrated that models that accommodate the properties of the genetic code incorporating differences in substitution rates between codon positions most accurately reflected substitution processes in these coding sequences that result from acting selection on the amino acid sequence.
The relaxed clock models implemented in the program BEAST (Drummond & Rambaut, 2007) provide more realistic models of evolutionary processes by allowing for variable rates of substitution between lineages in the phylogeny. BEAST uses a Bayesian Markov Chain-Monte Carlo coalescent approach to infer phylogenies and implements models that allow branches in the phylogeny to take rates drawn from a distribution rather than enforcing a strict molecular clock (Drummond et al., 2006) , while phylogenetic uncertainty is addressed by sampling over multiple tree topologies (Drummond et al., 2002) . BEAST also allows for the sampling date of the sequence to be incorporated as prior information about the phylogeny. The collection dates of these samples, which span 22 years, may be used to estimate the ages of the various RHDV lineages on a calendar timescale (Rambaut, 2000; Drummond et al., 2002) , demonstrating the extent to which the collection dates span the evolutionary history of the sampled strains.
In this study, we have estimated the phylogeny of RHDV from capsid gene sequence data, using models that allow for the effects of natural selection on rates of divergence between nucleotide sites. Further, we estimated the phylogeny using models that allow variation in substitution rates between branches in the phylogeny. Using these models and the dates of collection for calibration points, we estimate the divergence times for the major RHDV clades to place the evolution of the virus within a calendar timescale and to assess the extent to which the collection dates span the evolutionary history. We also estimated the ratios of non-synonymous to synonymous substitution rates for codons in the capsid gene to assess whether selection may have played a role in driving variation in substitution rates.
RESULTS

Phylogenetic analyses
The ML and Bayesian coalescent tree topologies were identical. There was support for four distinct monophyletic RHDV clades that show little geographical or temporal structure. The first reported isolate from the outbreak in China in 1984 was placed in clade A ( Fig. 1 ) alongside isolates from Germany, France, Mexico, Czechoslovakia (and Australia) and Saudi Arabia. This clade received significant support from both the Bayesian and ML nonparametric bootstrap analysis. Clade B included isolates from France, Germany, Italy, the UK and Bahrain, and received significant support from the Bayesian analysis but not from the ML non-parametric bootstrap analysis. The third, clade C, included isolates from Spain, France and Germany. The fourth, clade D, included antigenic variant RHDVa (Capucci et al., 1998) strains from Germany (Schirrmeier et al., 1999) , France (Le Gall-Reculé et al., 2003) and North America, as well as isolates from China that have not been identified as antigenic variants on the basis of antibody recognition, but have been associated with known RHDVa strains in previous phylogenetic analyses (McIntosh et al., 2007) . Clades C and D received significant posterior and ML bootstrap support. The RHDV sequences formed a clade separated from RCV, with a posterior probability of 1.00, but this node did not receive ML bootstrap support (Fig. 1 ). Clades A, B and C were grouped with clade D as the sister clade with a posterior probability of 1.00, but without ML bootstrap support.
In the Bayesian analysis, the estimated mean substitution rate over the phylogeny was 0.00265 substitutions per site per year [95 % highest posterior density (HPD) 0.00151-0.00396]. The coefficient of variation for substitution rate between branches was 0.50 (95 % HPD 0.31-0.71).
Dating analyses
The estimates of mean time to the most recent common ancestor (MRCA) of the monophyletic clades (in years before the most recent sample, 2006), the upper and lower boundaries of the 95 % HPD estimates, and the corresponding dates are presented in Table 1 . The MRCA of the rabbit caliciviruses, including the non-pathogenic RCV (Capucci et al., 1996) , was estimated to have existed in around 1931 (95 % HPD 1897 (95 % HPD -1961 .
Analyses of selection
A likelihood ratio test comparing models M7 and M8 in CODEML provided significant support for a class of codon sites under positive selection occurring in the RHDV capsid protein (2gl5~20, df52, P,0.001). The Bayes empirical Bayes procedure implemented in CODEML identified five codons (listed in Table 2 ) with significant posterior probability of positive selection (PP .0.95). Estimates of the average non-synonymous/synonymous rate ratio parameter (v) for each codon site are plotted in Fig. 2 . The majority of sites are under varying degrees of conservative selection, with only 10 of 569 codons with v .1. Within the S subdomain, codons 12 and 135 were identified as potentially being subject to positive selection with v .1, although without a significant support indicated by their posterior probabilities. Similarly, two sites within the P2 subdomain, 305 and 386, and one within the P1 subdomain, 480, were identified as potentially being subject to positive selection without significant posterior probabilities.
DISCUSSION
The genetic relationships inferred in this study (Fig. 1) differ from previous phylogenetic analyses (Moss et al., 2002; Forrester et al., 2003; Le Gall-Reculé et al., 2003; McIntosh et al., 2007) in providing significant Bayesian support for four monophyletic RHDV clades. The best ML tree found was identical in topology to the tree derived from Bayesian coalescent methods, providing confidence in the accuracy of the phylogenetic estimation. However, ML non-parametric bootstrapping did not provide significant support for the divergence of RCV from RHDV and the branching order of the four RHDV clades.
Low bootstrap support for the best ML tree may result from the high mutation rates in RNA viruses, together with the possibility of positive selection, leading to sequence convergence between lineages (Holmes, 2003) and reduced phylogenetic signal (Felsenstein, 1978) . Alternatively, low support may be the result of biases introduced by the nucleotide substitution model failing to reflect the substitution processes of RNA virus coding sequences (Buckley & Cunningham, 2002) . The Bayesian analysis provided very high posterior support for nodes where ML bootstrap support was lacking. The ML and Bayesian analyses used similar substitution models that allowed for variation in rates between nucleotide sites, and accommodated the effects of selection on coding sequences. However, the Bayesian analysis differed in allowing substitution rates to vary between branches in the phylogeny. The distribution of estimates of the variation in evolutionary rates between branches did not include zero, suggesting that there has been significant variation in nucleotide substitution rates between lineages throughout the evolutionary history of RHDV, and that the use of the relaxed molecular clock is appropriate. Furthermore, the inclusion of temporal structure, making use of the time of sampling to estimate mutation rates, allowed more accurate estimation of substitution rates. Allowing for variation in the rate of evolution and using information from the time of sampling increased the statistical power compared with the ML analysis (Drummond et al., 2003) , resulting in improved phylogenetic resolution.
Variation in nucleotide substitution rates may be the result of positive selection. We found evidence of selection driving amino acid substitution at sites that are exposed on the surface of the assembled RHDV capsid, and that have previously been associated with antigenicity and host specificity within the Caliciviridae (Chen et al., 2004 (Chen et al., , 2006 . The five codons identified as being subject to strong positive selection may influence antigenic diversity by the formation of epitopes recognized by host antibodies, or by changing the orientation and presentation of surface epitopes. Elevated v ratios were also found in two codons in the S domain that form the internal shell of the capsid, and that are not directly exposed to immune recognition, possibly due to relaxation of functional constraint or weak positive selection for amino acid substitutions that influence capsid conformation and antigen presentation.
The presence of positive selection occurring in protein domains linked to antigenic variation suggests a role for partial immune protection in maintaining virulent strains of RHDV in rabbit populations, with selection at a small number of sites in the RHDV capsid gene due to changes that allow escape from the existing host immunity. In immune-driven selection, the greatest rate of change is expected to occur in the case of acute infection with partial protection due to previous exposure (Grenfell et al., 2004) , resulting in reduced peak viral abundance and an extended period of viral replication during which the immune system is able to mount a response. Constant turnover of a restricted number of amino acid residues at a small number of sites has been identified in foot-and-mouth disease virus and has been interpreted as evidence of selection driven by the host immune response and balanced by functional constraint (Martínez et al., 1992; Haydon et al., 2001) . Alternatively, RHDV may form a chronic infection, with dampened rates of viral replication in the presence of an active antibody response, resulting in less elevated rates of substitution. Chronic infection with hepatitis C virus has been associated with a large number of codon sites under weak positive selection within the envelope protein (Sheridan et al., 2004) . There is evidence for acquired immunity following previous exposure (Cooke, 2002) and for persistent benign RHDV infection occurring in rabbits (Moss et al., 2002; Forrester et al., 2003) , providing the conditions required for selection to drive antigenic diversification. Variation in outcome following the experimental infection of previously exposed or vaccinated rabbits has been reported, and has ranged from the failure of previous exposure to protect against disease (Marchandeau et al., 2005) , to the persistence of detectable levels of virus for up to 15 weeks in the absence of disease (Gall & Schirrmeier, 2006) . Precedents exist for persistent infection and immune selection involving other members of the caliciviridae (Coyne et al., 2007; Nilsson et al., 2003) .
Substitutions at sites under positive selection resulted in homoplasy between sequences, and such homoplasy in RHDV sequences has been previously identified as evidence of recombination (Abrantes et al., 2008; Forrester et al., 2008) . The effect of recombination on the accuracy of the methods to detect positive selection has been investigated (Anisimova et al., 2003) , and they have been shown to be accurate at low levels of recombination.
Conversely, recurrent mutation may provide an alternative explanation for the existence of homoplasy and may bias the detection of recombination.
The most recent common ancestor of RHDV and the nonpathogenic RCV was estimated to have existed in the early 1930s. Interestingly, this places the evolution of the RHDV and RCV strains identified to date within the timescale of the development of breeds and husbandry methods for intensive rabbit production. These originated in North America and were introduced into Europe in the 1950s and 1960s (Lebas et al., 1997) , and hint at a possible origin for RHDV and RCV among the diverse Leporid fauna of North America (Matthee et al., 2004) . The RHDVa strains were estimated to have diverged prior to 1984, and share a common ancestor with the other RHDV viruses in the late 1960s, suggesting that the RHDVa strains are not a recently evolved antigenic variant as has been proposed (McIntosh et al., 2007) .
In conclusion, our results suggest that rapid antigenic selection has played a role in the evolution of RHDV, and may have been a factor promoting variation in evolutionary rates between nucleotide sites and between lineages that must be taken into account when estimating an RHDV phylogeny. The estimated dates that we have obtained for the major clades of RHDV and RCV suggest that the virus diverged within the 20th century. The virulent RHDV isolates for which the capsid sequence is available diversified from a common ancestor two decades prior to the first recording of disease. This means that the isolation dates for these sequences, spanning the two decades since, cover approximately half of the evolutionary history of these sequences, and taking the date of collection into account improves support for the estimated phylogeny.
METHODS
Sequence data. Two RHDV isolates from New South Wales, Australia, were obtained from dead rabbits during naturally occurring outbreaks of rabbit haemorrhagic disease in the Nyngan Rural Lands Protection Board (RLPB) district in the spring of 2005 and at Narrawa in the Yass RLPB district in the spring of 2006. Viral RNA was extracted by digesting 0.1 g liver tissue in 1 ml digestion buffer (100 mM Tris, pH 8, 100 mM EDTA, pH 8 and 0.5 % SDS) with 100 mg proteinase K and 50 mg RNase A at 55 uC. From this digest, 100 ml was added to 1 ml TRIzol reagent (Invitrogen) and viral RNA was purified following the manufacturer's protocol. First strand cDNA was synthesized using SuperScriptIII reverse transcriptase (Invitrogen) and the primer RHDV7437R (Forrester et al., 2003) , with extension at 50 uC for 1 h. Two PCRs were used to amplify a region spanning the capsid gene sequence. These reactions used the primer pairs RHDV6096F and RHDV7437R, and RHDV5259 and RHDV6774 (Forrester et al., 2003) . PCRs were performed using Platinum Taq high-fidelity DNA polymerase (Invitrogen), with the cycling conditions: 95 uC for 90 s, 30 cycles of 95 uC for 20 s, 55 uC for 30 s and 68 uC for 30 s. The PCR products were gel-purified and directly sequenced using the PCR primers and the internal primers RHDV6663F, RHDV6135F and RHDV5682F (Forrester et al., 2003) , and the BigDye Terminator v3.1 cycle sequencing system (Applied Biosystems). Sequences were assembled to align with the sequence of IP: 54.70.40.11
On: Sat, 03 Aug 2019 22:13:40 the isolate from Czechoslovakia that was released in Australia (GenBank accession no. U54983).
The capsid gene sequences of RHDV isolates from Europe, China, the Middle East and North America, and of RCV (Capucci et al., 1996) and EBHSV (Wirblich et al., 1994) were obtained from GenBank. The country, year of collection and accession numbers for these sequences are listed in Table 3 . After alignment, 31 lagovirus capsid gene sequences of 1743 bp in length (1719 bp with gaps removed) were used for molecular dating analyses.
ML estimation of the RHDV phylogeny. Phylogenetic inference was performed using the program RAxML version 7.0.4 (Stamatakis, 2006) accessed through the Bioportal (www.bioportal.uio.no). To find the best tree, 200 independent heuristic searches were performed starting from random starting trees. RAxML implements the GTR substitution model, and the option of a gamma distribution of rate variation between sites with four site classes was selected. The nucleotide sites were partitioned into first plus second codon positions and third codon positions with model parameters estimated separately for each partition. Support for nodes in the best tree was assessed by repeating the ML analyses on 300 bootstrapped datasets (Stamatakis et al., 2008) . Bootstrap support of 70 % was accepted as significant support for a node following the guidelines described by Efron et al. (1996) .
Estimation of the RHDV phylogeny and divergence dates.
Estimation of the phylogeny and substitution rate among RHDV lineages was performed using the program BEAST v1.4.6. Files for analysis were constructed using the program BEAUti v1.4.3 [distributed with the BEAST package (http://beast.bio.ed.ac.uk)].
Dates of collection were used to calibrate the substitution rate per year. The HKY85 substitution model was employed with a gamma distribution of rate variation between sites with four site classes following the method described by Shapiro et al. (2005) . The nucleotide sites were partitioned into first plus second codon positions and third codon positions with model parameters estimated separately for each partition. The most general coalescent model prior to constant population size was assumed. A relaxed clock model, the uncorrelated lognormal (UCLN) model (Drummond et al., 2006) , Table 3 . RHDV, RCV and EBHSV sequences used in this study was used to accommodate rate variation among branches in the phylogeny. The alignments were analysed in two independent runs of BEAST with 20 million steps following a burn-in of 2 million steps. The convergence of the chain and effective sample size of the parameters were monitored using the program Tracer v1.3 (http://beast.bio. ed.ac.uk). The two analyses were combined using the program LogCombiner version 1.4.3 (distributed with the BEAST package), to give 36 million states following the removal of a further burn-in of 2 million states from each analysis. The tree topology with maximized clade credibility was calculated using the program TreeAnnotator version 1.4.3 (distributed with the BEAST package) and displayed using FigTree version 1.1.2 (http://tree.bio.ed.ac.uk/software/figtree/).
Analyses of selection. We used the program CODEML in the PAML version 3.15 package of programs (Yang, 1997) . The models implemented in CODEML estimate the v for amino acid sites. For neutral sites, v51, while for those under purifying selection, v ,1 and for those under positive selection, v .1 (Nielsen & Yang, 1998; Yang & Bielawski, 2000; . Likelihood ratio tests were performed with nested models M7 and M8 by comparing the test statistic 2gl52(l 1 2l 0 ), with the x 2 distribution with 2 degrees of freedom. Model M7 allowed for ten classes of sites approximating the beta distribution between 0 and 1. Model M8 added an eleventh class with v .1 and estimated the proportion of sites within this class and the value of v for that class. For the model M8, the Bayes empirical Bayes procedure was used to estimate the mean v value for each codon site and the posterior probability that the site is under positive selection. Codon sites corresponding to gaps in any sequence in the alignment or containing ambiguities were removed from the alignment prior to the analyses, and hence 569 codons were analysed.
